INTRODUCTION
RNA polymerase I 1 is the nuclear enzyme responsible for the transcription of pre-mRNAs in eukaryotes. This enzyme is generally composed of 1 1 to 13 subunits ranging in size from about 1 O kD to 220 kD (Paule, 1981 ;  Guilfoyle, 1983; Sentenac, 1985) . In plants only the largest subunit of the enzyme has been found to be phosphorylated (Guilfoyle, 1980; Guilfoyle, Hagen, and Malcolm, 1984b) , while in yeast and mammals, both the largest and some of the smaller subunits have been reported to undergo phosphorylation (Dahmus, 1981 ;  Lee, Schweppe, and Jungmann, 1984; Sentenac, 1985) . The phosphorylation of RNA polymerase I1 has been reported to stimulate nonspecific in vitro transcription (Stetler and Rose, 1982) , and the RNA polymerase II with a phosphorylated largest subunit is thought to be the major form of the enzyme active in transcription of mRNAs in vivo and in vitro (Dahmus, 1981 ;  Dahmus and Kedinger, 1983; Bartholomew, Dahmus, and Meares, 1986; Kim and Dahmus, 1986; Cadena and Dahmus, 1987) . Recent studies indicate, however, that the largest subunit need not be phosphorylated for RNA polymerase II to initiate accurately on at least some genes in vitro (Zehring et al., 1988; Kim and Dahmus, 1989) , suggesting that phosphorylation of the 220-kD subunit may play a role in propagation of the transcription complex as opposed to a role in transcriptional initiation (Cadena and Dahmus, 1987; Kim and Dahmus, 1989) . The major domain that is phosphorylated in the largest subunit of RNA polymerase II is the heptapeptide repeat in the carboxyl terminus of this subunit (Dahmus, 1981 ;  Corden et al., 1985; Cadena and Dahmus, 1987; Kim and Dahmus, 1988) . This repeat consists of the consensus sequence Pro-Thr-Ser-Pro-Ser-Tyr-Ser and is conserved in the enzymes from yeast (Allison et al., 1985) , animals (Corden et al., 1985; Ahearn et al., 1987; Allison et al., 1988; Zehring et ai., 1988) , and plants (M.A. Dietrich, J. Prenger, and T.J. Guilfoyle, manuscript in preparation) .
When the 220-kD subunit is phosphorylated in vivo, the subunit migrates as a polypeptide of about 240 kD on SDS-polyacrylamide gels (Guilfoyle, 1980; Kim and Dahmus, 1986) . Purified forms of RNA polymerase II generally consist primarily of forms IIA and 116, which contain a largest subunit of about 220 kD and 180 kD, respectively (reviewed in Guilfoyle, 1983) . The 180-kD polypeptide is an artifact of purification (Greenleaf, Haars, and Bautz, 1976; Guilfoyle and Malcolm, 1980; Guilfoyle, Hagen, and Malcolm, 1984b; Sentenac, 1985) and arises from loss of most, if not all, of the heptapeptide repeat (Christmann and Dahmus, 1981; Zehring et al., 1988 ; T.J. Guilfoyle, unpublished results) . The 1 1 0 form of RNA polymerase II contains the 240-kD or phosphorylated form of the largest subunit, but is usually a minor form of the purified enzyme (reviewed by Roeder, 1976; Lewis and Burgess, 1982) . In purified enzymes from plants, the 1 1 0 form of RNA polymerase II is generally not detected (reviewed by Guilfoyle, 1983) ; however, a 240-kD polypeptide can be detected in nuclei isolated from a variety of plants when an anti-180-kD subunit antibody detection method is employed (Guilfoyle, Hagen, and Malcolm, 1984b) . Special purification methods have recently allowed purification of RNA polymerase II from HeLa cells primarily in the form of 1 1 0 (Kim and Dahmus, 1988) .
The protein kinase responsible for the phosphorylation of the 220-kD subunit of RNA polymerase II has not been identified; however, a recent report suggests that such a kinase can be purified from yeast cells (Lee and Greenleaf, 1989) . Here, I describe a protein kinase from wheat germ that phosphorylates the 220-kD subunit of wheat, soybean, pea, and human RNA polymerase II and converts this subunit to a form that migrates at about 240 kD. The identification of this protein kinase may provide a form of plant RNA polymerase competent to initiate accurately transcription in vitro or elongate efficiently transcription complexes in vitro and may facilitate the preparation of reconstituted in vitro transcription systems derived wholly or in part from plant cell-free extracts.
RESULTS

Purification of Wheat Germ Protein Kinase
Protein kinase assays of crude wheat germ extracts (e.g., 10,000g supernatant) using wheat germ RNA polymerase HA as substrate do not permit the determination of protein kinase activity specific for the 220-kD subunit of RNA polymerase II because of the large number of different protein kinases and endogenous protein substrates in the crude preparations. In preliminary experiments, this crude fraction was chromatographed on DEAE cellulose or phosphocellulose columns, and fractions were step-eluted sequentially in buffer A plus 0.1 M, 0.2 M, 0.35 M, 0.5 M, and 1.0 M KCI. Little protein kinase specific for the 220-kD subunit of RNA polymerase II could be detected in the series of DEAE cellulose fractions, but several of the phosphocellulose fractions (especially those from 0.2 M to 1.0 M KCI) contained this protein kinase activity. While each phosphocellulose fraction from 0.2 M to 1.0 M KCI contained protein kinase that could phosphor/late the 220-kD RNA polymerase II subunit, the 0.2 M to 0.5 M KCI fractions contained a large amount of endogenous protein substrate, and while the 220-kD subunit became labeled, the number of phosphates added per RNA polymerase was generally 1 or less, and the 220-kD subunit did not shift to a 240-kD polypeptide following phosphorylation. In contrast, the phosphocellulose fraction step eluted at 1.0 M KCI contained less endogenous protein substrate, and at least some shift in the 220-kD subunit to 240-kD occurred after phosphorylation. Therefore, an initial purification step for the protein kinase under study was application of the crude wheat germ supernatant [after Polymin P precipitation and elution (Jendrisak and Burgess, 1975) , followed by ammonium sulfate precipitation and dialysis] to phosphocellulose at 0.5 M KCI and step elution at 1.0 MKCI. The phosphocellulose fraction (F1) was dialyzed, and protein kinase was further purified by heparin Ultrogel chromatography (Figure 1 Four-milliliter fractions were collected and 3 //L were assayed in a 20-ML reaction containing wheat RNA polymerase IIA. The 32 P incorporated (for an aliquot of each fraction assayed) into the 220-kD to 240-kD subunit of wheat RNA polymerase II was determined by liquid scintillation counting, and this is the kinase activity reported in the figure. (B) Autoradiogram of the SDS-polyacrylamide gel used to quantitate the kinase activity. The 220/240-kD subunit was excised and counted by liquid scintillation [(A)]. The left-most autoradiogram is from a 10% SDS-polyacrylamide gel, and the two lanes to the right (labeled + and -) are from a 15% polyacrylamide gel. Fraction numbers are indicated below the gel lanes. L is the F1 fraction that was applied to the heparin Ultrogel column. + andrefer to assays carried out with fraction 36 in the presence and absence of wheat RNA polymerase IIA, respectively. The 220 indicated to the right of the autoradiograms is the position of the 220-kD RNA polymerase II subunit. Figures 1B and 2 ). The native molecular mass of the wheat germ protein kinase is estimated to be about 200-kD, based on chromatographic analysis on Sephacryl S300 and S200 (data not shown).
Phosphorylation of the 220-kD Subunit of RNA Polymerase II
The F3 fraction was used to test the specificity and degree of phosphorylation for the largest subunit of different RNA polymerase II enzymes. Figure 3 shows that the 220-kD subunit of wheat germ, soybean, pea, and human RNA polymerase II is phosphorylated by the wheat germ kinase. With each RNA polymerase enzyme, Coomassie Blue staining reveals a shift in molecular mass from 220 kD to higher molecular mass species (up to approximately 240 kD) following phosphorylation (compare lanes 1 and 2 for each enzyme). Autoradiography of the phosphorylated RNA polymerase II enzymes shows that a broad band from 220 kD to 240 kD is heavily labeled with 32P (lane 3). There is no mobility shift and very little 32P incorporation into the 180-kD subunit. Figure 5 shows that smaller polypeptides associated with RNA polymerase II are not phosphorylated by the kinase. Protein blotting experiments with antibody raised against the largest subunit of RNA polymerase II @e., the 180-kD subunit of cauliflower RNA polymerase) have been used to demonstrate that the higher molecular weight species (i.e., a broad band ranging from 220 kD to 240 kD) that arise during phosphorylation are generated from the largest subunit and not from some other RNA polymerase subunit or protein in the kinase preparation (data not shown).
In the absence of ATP, the wheat germ protein kinase does not shift the 220-kD subunit to 240 kD ( Figure 6 , lane 4); however, when ATP is added, the 220-kD subunit of soybean RNA polymerase II is quantitatively shifted to 240 kD within 1 hr to 2 hr of incubation (Figures 4 and 6) . At the end of 1 hr to 2 hr, the bulk of the 32P label is associated with the 240-kD polypeptide, and little further shift or 32P incorporation is observed at the end of 4 hr of incubation. Dilution of the kinase results in longer periods of 32P labeling (Figure 4 ) and longer times required for complete shifting of the 220-kD polypeptide to a 240-kD polypeptide. The 240-kD polypeptide does not appear if CTP, GTP, or UTP is substituted for ATP ( Figure 6 Table 1 ). Each of the fractions was subjected to electrophoresis on a 12% SDS-polyacrylamide gel, and the gel was dried and exposed to xray film. Lane 1 for each panel shows a gel lane stained with Coomassie Blue. Lanes 2 and 3 for each panel show an autoradiogram of a gel on which an aliquot of each fraction was incubated in the standard protein kinase assay mixture without RNA polymerase II (lane 2) and with wheat RNA polymerase HA (lane 3). Molecular weight markers (approximate molecular weights of some of the wheat germ RNA polymerase II subunits) are indicated to the right. Labeling of the 220/240-kD subunit of RNA polymerase II is indicated by the line adjacent to lane 3 in (B), (C), and (D).
containing 25 fiM ATP (see Methods) does not alter the amount of 32 P incorporated into the 220-kD subunit of wheat RNA polymerase II, whereas addition of 250 fiM ATP results in twofold to threefold reduction in 32 P incorporation (data not shown).
Enzyme Properties of Wheat Germ Protein Kinase
For optimal activity, the wheat germ protein kinase requires 2 mM to 5 mM MgCI 2 (data not shown). The kinase shows about 30% optimal activity in the presence of 1 mM or 10 mM MgCI 2 . Substitution of MnCI 2 for MgCI 2 results in about an eightfold to tenfold drop in activity of the enzyme, but this does not change the specificity for the 220-kD subunit of RNA polymerase II. MnCI 2 shows a broad optimum between 2 mM and 10 mM. If 0.003 mM, 0.3 mM, or 3 mM CaCI 2 is substituted for MgCI 2 , no incorporation of 32 P into the 220-kD subunit is observed. When CaCI 2 is added with 1 mM, 2 mM, or 5 mM MgCI 2 , no stimulation of kinase activity is observed at any concentration of CaCI 2 ranging from 0.03 mM to 3 mM, and concentrations in excess of 0.5 mM CaCI 2 result in inhibition of kinase activity. Addition of 0.1 mM or 1 mM EGTA to the standard assay mixture does not affect the kinase activity (data not shown).
Addition of the polyamine (0.5 mM to 1 mM spermidine) to the standard assay has little to no effect on kinase activity, whereas 3 mM spermidine results in strong inhibition. Addition of the polyanion heparin results in increasing inhibition of kinase activity at concentrations between 1 (10% inhibition) and 100 ng/mL (80% inhibition; data not shown).
A broad pH optimum ranging from 6 to 9 is observed (data not shown). Under standard assay conditions, the K m for ATP is approximately 7 ^M (data not shown).
Analysis of the amino acids phosphorylated in the 220-kD subunit of RNA polymerase II indicates that both serine and threonine incorporate 32 P (Figure 7 ), although serine is much more heavily labeled than threonine. In the heptapeptide repeat of soybean RNA polymerase IIA, serine is 3 times more abundant than threonine (M.A. Dietrich, J. Prenger, and T.J. Guilfoyle, manuscript in preparation). Tyrosine is not labeled with (Laemmli, 1970) , and aliquots were applied to 5% SDS-polyacrylamide gels. The region of the gel spanning from 220 kD to 240 kD was then excised and counted by liquid scintillation. The Coomassie-stained gel used for this analysis (analysis of the 5-^L kinase assays; closed circles) is shown as an inset. The right panel shows a 1 -hr assay under the same conditions as above but with different amounts of kinase.
two competitors begin to inhibit 32 P incorporation into the 220-kD subunit of RNA polymerase II at about 10 to 30 jug/mL and show gradually increasing inhibition up to 3 mg/mL (the highest concentration tested). BSA itself shows little inhibitory effect even at 3 mg/mL. A dimer of the heptapeptide repeat is not much more inhibitory than BSA, while a heptamer of the repeat begins to inhibit between 0.3 and 3 mg/mL. It should be noted that 2.5 ^g of RNA polymerase substrate in the assay mixture represents about 125 Mg/mL, of which about 5 to 6 /*g/mL is 3 4 I i=«*. (Martensen, 1982) .
Other substrates in addition to RNA polymerase II have been tested, but none appears to be as good a substrate as the 220-kD subunit. With 2.5 ng of substrate protein per standard assay, casein gives about 30% of the 32 P incorporation as RNA polymerase II, and BSA conjugated to the synthetic heptapeptide repeat Pro-Thr-Ser-Pro-SerTyr-Ser (see Methods) gives a similar amount of incorporation (data not shown). BSA alone gives less than 1 % the level of incorporation. Calf thymus histones show only about 2% the level of incorporation as the 220-kD subunit.
Several proteins or synthetic peptides have been tested in competition assays for their ability to block incorporation of 32 P into the 220-kD subunit of RNA polymerase II. The results of these competition assays are shown in Figure  8 . The most effective inhibitors are multimers of the consensus heptapeptide repeat Pro-Thr-Ser-Pro-Ser-Tyr-Ser as the free repeat (average molecular mass of 20 kD to 30 kD) or BSA conjugated to this heptapeptide repeat. These Soybean RNA polymerase IIA (100 ^9) was incubated for 3 hr at 25°C with 50 ^L of protein kinase (Fraction F3), 5 mM MgCI 2 , and 50 nM ATP containing 1 00 nC\ of 7-[ 32 P]ATP. To remove labeled polypeptides associated with the protein kinase fraction, the assay mixture was loaded onto a DEAE cellulose column after incubation, and the RNA polymerase was step-eluted as described in Methods. The RNA polymerase was subjected to electrophoresis on 1 2% (lanes 1 and 2) or 5% (lanes 3 and 4) SDS-polyacrylamide gels. Stained gels with subunit molecular masses indicated in kilodaltons are shown in lanes 1 and 3. Autoradiograms of the gels are shown in lanes 2 and 4. Guilfoyle, unpublished results) . In addition, none of these other enzymes is able to cause a mobility shift of the 220-kD subunit to a 240-kD polypeptide. While I have no direct evidence that the protein kinase characterized here is the same enzyme that phosphorylates the heptapeptide repeat in the largest subunit of RNA polymerase II in vivo, the observation that this protein kinase specifically phosphorylates only the largest subunit of RNA polymerase II in vitro and causes a mobility shift in this subunit from 220 kD to about 240 kD suggests that this enzyme might perform a similar function in vivo.
The wheat germ kinase appears to phosphorylate specifically the heptapeptide repeat in the 220-kD subunit of RNA polymerase II based on the following evidence. The heptapeptide repeat is proteolytically removed from a 180-kD polypeptide in the form IIB enzyme, and this RNA polymerase fails to undergo phosphorylation with the wheat germ kinase. The kinase also fails to phosphorylate
DISCUSSION
The carboxyl-terminal domain of the largest subunit of RNA polymerase II contains from 26 to 52 repeats of the heptapeptide consensus sequence Pro-Thr-Ser-Pro-SerTyr-Ser (Allison et al., 1985 (Allison et al., , 1988 . This repeated sequence is unique to RNA polymerase II, and approximately 12 repeats in yeast and about 30 repeats in animals are required to maintain cell viability (Nonet et al., 1987; Allison et al., 1988; Bartolomei et al., 1988; Zehring et al., 1988) . This domain has been shown to be highly phosphorylated in vivo Dahmus, 1986, 1988; Cadena and Dahmus, 1987) , and the phosphorylation is thought to impact on transcription both in vivo and in vitro (Dahmus and Kedinger, 1983; Kim and Dahmus, 1988; Sigler, 1988) . The role played by phosphorylation of this heptapeptide repeat remains unclear, however. To gain some insight into the control of phosphorylation of the carboxyl-terminal domain of the RNA polymerase II 220-kD subunit and the protein kinase(s) that phosphorylate this domain, I have initiated work on the protein kinase(s) that may catalyze this phosphorylation. A protein kinase that phosphorylates the 220-kD subunit of RNA polymerase II and results in a mobility shift of this subunit to a molecular mass of approximately 240 kD has been partially purified from wheat germ. The mobility shift appears to result from incorporation of about 20 phosphates into the heptapeptide repeats of the carboxyl-terminal domain [at least in the case with^• Jte P-SER P-THR P-TYR The soybean enzyme was labeled with 32 P and purified as described in Figure 4 . The purified enzyme was hydrolyzed and subjected to two-dimensional TLC analysis as described in Methods. The positions of phospho-serine, phospho-threonine, and phospho-tyrosine on the TLC plate are indicated on the autoradiogram. Standard assays were performed with various concentrations of BSA (O) , BSA conjugated to the dimer heptapeptide (Pro-ThrSer-Pro-Ser-Tyr-Ser), to form a high molecular weight multimer complex (see Methods) (A), the dimer heptapeptide (Pro-Thr-SerPro-Ser-Tyr-Ser), (O), the heptamer heptapeptide (Pro-Thr-SerPro-Ser-Tyr-Ser), @), and a 20-kD to 30-kD polymerized product of the dimer heptapeptide (Pro-Thr-Ser-Pro-Ser-Tyr-Ser), (A). Incorporation of 32P into the 220-kD to 240-kD subunit of RNA polymerase II was quantitated by liquid scintillation counting.
any subunit in RNA polymerase I or 111 from wheat germ and Escherichia coli RNA polymerase, all of which lack the heptapeptide repeat (T.J. Guilfoyle, unpublished results). The kinase is able to phosphorylate a BSA-heptapeptide repeat conjugate, but fails to phosphorylate unconjugated BSA. BSA-heptapeptide repeat conjugates and multimers of the heptapeptide repeat compete out the phosphorylation of the 220-kD subunit of RNA polymerase II, although this competition requires relatively high concentrations of competitor. The plant RNA polymerases may be more effective substrates for phosphorylation by the wheat germ kinase than the synthetic peptides since the carboxylterminal domain contains severa1 variations on the heptapeptide repeat consensus sequence (M.A. Dietrich, J. Prenger, and T.J. Guilfoyle, manuscript in preparation), and the tertiary structure of the heptapeptide repeat in RNA polymerase IIA may differ significantly from the heptapeptide repeats synthesized in vitro.
The wheat germ kinase is most active with MgCI, as divalent cation and is not active in the presence of CaCI, alone or stimulated by CaCI, in the presence of optimal or suboptimal concentrations of MgCI,. Only ATP will serve as the ribonucleoside triphosphate substrate. The kinase is not stimulated by the polyamine spermidine and is inhibited with heparin. The kinase appears to differ from protein kinases that have previously been purified and characterized from wheat germ or other plants (reviewed by Budde and Randall, 1989) .
Since the kinase can quantitatively convert the 220-kD polypeptide to a 240-kD polypeptide, it may now be possible to test the effect of this phosphorylation in in vitro transcription systems that promote random (reviewed by Chambon, 1974; Roeder, 1976; Lewis and Burgess, 1982) as well as specific initiation of transcription (reviewed by Manley, 1983; Manley et al., 1983) . It will also be interesting to test whether phosphorylated RNA polymerase II from plants can substitute for the mammalian enzyme in mammalian transcription systems. In the past, studies have shown that the plant enzyme cannot substitute for the mammalian enzyme in partially reconstituted mammalian extracts (Weil et al., 1979; Wasylyk et al., 1980; T.J. Guilfoyle, unpublished results) ; however, the plant enzyme utilized was wheat germ RNA polymerase IIA, which contains little, if any, 1 1 0 form of the enzyme. Phosphorylation of RNA polymerase II in vitro might also facilitate studies on possible direct interactions of the RNA polymerase with transcription factors [e.g., enhancer binding proteins (Sigler, 1988; Brandl and Struhl, 1989) ], TATA binding factors, or other transcription initiation and elongation factors. Finally, in vitro phosphorylation with the wheat germ kinase provides a convenient method for labeling RNA polymerase to high specific radioactivity, which might then be used as a probe in protein/protein and protein/DNA interactions.
METHODS
Buffer
The buffer used throughout purification of the kinase was 20 mM Hepes (pH 7.9), 20% glycerol, 0.1 mM EDTA, and 1 mM dithiothreitol, and this is referred to as buffer A.
RNA Polymerases
RNA polymerase IIA was purified from wheat germ (Pillsbury, Minneapolis, MN), soybean embryonic axes (Edible Soy Products, Hudson, IA), pea embryonic axes (provided by Dr. Michael Murray), and human placenta, and RNA polymerase IIB was purified from soybean plumules and Artemia salina eggs (San Francisco Bay Brand) as previously described (Guilfoyle and Jendrisak, 1978; Jendrisak and Guilfoyle, 1978; Guilfoyle et al., 1984a) .
Peptides and Conjugates to the Heptapeptide Repeat
A dimer and heptamer of the heptapeptide repeat Pro-Thr-SerPro-Ser-Tyr-Ser were synthesized and supplied from Applied BioSystems, Foster City, CA. Bovine serum albumin was conjugated to the dimer heptapeptide by mixing 12 mg of peptide in 1 mL of H20 and 20 mg of BSA in 1 mL of H20 with 2 mL of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (Sigma; 50 mg/mL in H, O) and gently stirring for 24 hr at room temperature. The sample was then dialyzed against 4 L of H20 with severa1 changes of HZO for 48 hr at 4OC. This conjugate was a high molecular weight product and failed to enter a 5% SDS-polyacrylamide gel. A multimer of the dimer heptapeptide was prepared by a similar procedure using 25 mg of dimer heptapeptide in the absence of BSA. This produced a product ranging in size from 20 kD to 30 kD as estimated on SDS-polyacrylamide gels. Whether the product was linear or branched was not determined.
Protein Kinase Assay
If not stated otherwise in the text, assays were conducted for 1 hr at 25°C in a total volume of 20 pL with 1 pL to 5 pL of protein kinase, 2.0 pg of wheat germ RNA polymerase IIA, 5 mM MgCI,, 10 mM Hepes (pH 7.9), 10% glycerol, 0.1 mM EDTA, 1 mM dithiothreitol, 25 pM ATP, 2 pCi of y-[3zP]ATP. Assays were terminated by adding 1 volume of SDS sample buffer (Laemmli, 1970) and immersing in boiling H20 for 2 min. Aliquots of samples were subjected to electrophoresis on 5% SDS-polyacrylamide gels (Laemmli, 1970) , and, following electrophoresis, gels were stained with Coomassie Brilliant Blue R. The gels were destained in 7.5% acetic acid and dried on Whatman filter paper. The dried gels were exposed to Kodak X-Omat AR film for 0.25 hr to 16 hr. In some cases, the dried gel region corresponding to 220 kD to 240 kD was excised, and the 32P was quantitated by liquid scintillation counting.
Two-Dimensional Thin Layer Analysis of Phospho-Amino Acids
One hundred micrograms of soybean RNA polymerase IIA were mixed with 50 pL of wheat germ protein kinase (Fraction F3, Table 1 ) in a total volume of 200 pL and incubated under the conditions described above. After incubation for 3 hr at 25OC, the mixture was applied to a DEAE cellulose column (1 mL of resin in a 3-mL plastic syringe) that had been equilibrated with buffer A containing 0.1 35 M ammonium sulfate. After sample application, the resin was washed with buffer A plus 0.135 M ammonium sulfate until no further radioactivity could be detected in the eluant. The 3ZP-labeled RNA polymerase was then step-eluted with buffer A plus 0.3 M ammonium sulfate (Guilfoyle and Jendrisak, 1978) . This RNA polymerase purification step removed all 3ZP-labeled proteins associated with the protein kinase preparation as well as the protein kinase itself and resulted in a product identical to that shown in Figure 3 . About 20 pg of the purified RNA polymerase was then subjected to phospho-amino acid analysis using twodimensional electrophoresis as described by Huganir, Miles, and Greengard (1 984) and Manai and Cozzone (1 982). The TLC plate was subjected to autoradiography using Kodak X-Omat AR film. Standard phospho-amino acids phospho-serine, phospho-threonine, and phospho-tyrosine (Sigma) were visualized by ninhydrin reaction.
homogenized in 2000 mL of buffer A with a Brinkman Polytron PT20ST at full speed for 1 min. The homogenate was centrifuged at 10,OOOg for 30 min, and the supernatant was collected by filtering through a single layer of Miracloth (Behring Diagnostics). The clear amber supernatant was adjusted to 0.5% Polymin P (Jendrisak and Burgess, 1975) with rapid stirring for 1 O min. The Polymin P precipitate was removed by centrifugation at 10,OOOg for 20 min, and 0.4 g of ammonium sulfate was slowly added per milliliter of the supernatant over 15 min with rapid stirring. After an additional 15 min of stirring, the protein precipitate was pelleted by centrifugation at 10,OOOg for 20 min. The protein pellet was dissolved in buffer A and dialyzed against buffer A plus 0.5 M KCI. The protein solution was applied to a 200-mL phosphocellulose column equilibrated with buffer A and 0.5 M KCI. After application of the sample, the column was washed with this same buffer until no protein could be detected in the column eluant. The protein kinase was then step-eluted in buffer A plus 1 M KCI.
The phosphocellulose protein kinase fraction was precipitated with 2 volumes of saturated ammonium sulfate (pH 7), collected by centrifugation, suspended in buffer A, and dialyzed against buffer A containing 0.1 5 M KCI. The dialyzed sample was applied to a 45-mL column (1.5 x 30 cm) of heparin Ultrogel (LKB) equilibrated with 0.15 M KCI, and, after application, the column was washed with the same buffer until no protein could be detected in the eluant. The protein kinase was eluted using a linear gradient from 0.2 M to 1 M KCI (150 + 150 mL) in buffer A, and 4-mL fractions were collected.
The peak protein kinase fractions from the heparin Ultrogel column (fractions 30 to 40, Figure 1 ) were pooled and applied to a 30-mL column of phosphocellulose equilibrated with buffer A and 0.5 M KCI. The applied sample was concentrated by step elution in buffer A containing 1 M KCI. This fraction was dialyzed against buffer A plus 0.05 M KCI and used as the sample (Fraction F3) of protein kinase for characterization in this study. Protein concentrations were determined by using the Protein Assay reagent from Bio-Rad with BSA as the protein standard. One unit of protein kinase is equal to 1 pmol of 32P incorporated into 2 pg of RNA polymerase II per 15 min at 25OC.
To determine the approximate native molecular weight of the kinase, 1 mL of Fraction F3 in buffer A plus 0.2 M KCI was applied to a 1.5 x 30 cm column of Sephacryl 5300 or 200 (Pharmacia LKB Biotechnology Inc., Piscataway, NJ) equilibrated with buffer A plus 0.2 M KCI. Prior to chromatography, the sample was mixed with molecular weight standard proteins (1 mg each) consisting of ribonuclease A (13,700 kD), ovalbumin (43,000 kD), BSA (67,000 kD), aldolase (158,000 kD), and catalase (242,000 kD). Fractions (0.25 mL) were collected and assayed for protein kinase activity in a standard assay with wheat germ RNA polymerase IIA as protein substrate, and aliquots were subjected to SDS-polyacrylamide gel electrophoresis to identify the fractions containing each standard protein. The gel was autoradiographed to determine the position of the protein kinase that phosphorylates the 220-kD RNA polymerase II subunit.
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